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. JOCD is characterized by the development of osteochondral lesions at joint-specific predilection sites, most often involving the medial femoral condyle of the femur 2 . The pathogenesis of JOCD remains poorly understood, even 130 years after the disease was originally described 3 . Multiple factors, including ischemia, repetitive trauma, and genetic predisposition, have been implicated in the etiology of the disease 2, 4, 5 . Evaluation of patients with clinically apparent disease has led to the assumption by many that JOCD is an acquired lesion of the subchondral bone that is characterized by degrees of osseous resorption, collapse, and sequestrum formation 2, 6 . Conversely, a nearly identical disease, osteochondrosis dissecans, has been documented in multiple animal species and is known to have origins in epiphyseal cartilage (i.e., immature joint cartilage located beneath the articular cartilage at the ends of growing long bones) [7] [8] [9] . Early (preclinical) lesions of osteochondrosis dissecans have been extensively characterized by histological examination of specimens harvested from predilection sites in young animals before the age at which clinically apparent disease develops [9] [10] [11] [12] . These sentinel studies have revealed that (1) failure of the cartilage canal vasculature that provides blood supply to the epiphyseal cartilage in growing animals leads to ischemic cartilage necrosis in discrete areas that are termed osteochondrosis latens; (2) as the ossification front advances, progression of the front may be delayed by osteochondrosis latens lesions, creating a radiographically apparent, irregular chondro-osseous junction that is termed osteochondrosis manifesta; and (3) these osteochondrosis manifesta lesions may either undergo healing by incorporation into the underlying subchondral bone or become separated from the parent bone to develop into clinically apparent osteochondrosis dissecans 8, 13 . Because of the nearly identical clinical features, predilection sites, and morphology (i.e., gross appearance and imaging features) of JOCD in humans and osteochondrosis dissecans in animals, these conditions have long been hypothesized to have a shared etiology and pathogenesis 8, [13] [14] [15] . This hypothesis has recently been strengthened by a study that employed magnetic resonance imaging (MRI) in children and adolescents with JOCD and described the existence of the early, cartilaginous form of JOCD, which is closely similar to osteochondrosis manifesta in animals 14 .
The purpose of the present study was to evaluate pediatric human femoral condylar specimens to determine if these tissues contained histological changes similar to those found in animals afflicted with subclinical osteochondrosis dissecans. Biopsies from the central aspect (i.e., notch side) of the femoral condyles were selected for evaluation because these sites are known to be the primary predilection sites of JOCD, with 61.7% of all JOCD involving the distal aspect of the femur 16 . Conversely, ankle, elbow, shoulder, and foot lesions only account for 25.4%, 12.0%, 0.6%, and 0.3% of all lesions, respectively. We hypothesized that histological evaluation of biopsy specimens obtained from predilection sites of *No donors were between the ages of 4 months and 2 years or between 7 years and 9 years. OCM = osteochondrosis manifesta, and OCL = osteochondrosis latens. †Data are presented as the number of specimens with the finding, with the percentage of specimens in the age group in parentheses. 
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JOCD-specifically, femoral condyles-in juvenile human cadavers would reveal lesions that are similar to those found in animals diagnosed with subclinical osteochondrosis dissecans. Until very recently, however, these histological studies could not be accomplished because of the lack of availability of human cadaveric joint specimens harvested from skeletally immature donors.
Materials and Methods

C
ore biopsy specimens (6 mm in diameter and 10 to 20 mm deep) were collected by 1 of the authors (M.A.T.) from the central aspect of the medial and lateral femoral condyles of 26 pediatric cadavers (16 male, 10 female; AlloSource) with use of an osteoarticular transfer system to ensure repeatability across the specimens. The biopsies included the articular cartilage and the subjacent epiphyseal cartilage, with or without subchondral bone, depending on the age of the donor. At the time of death, the donors ranged in age from 1 month to 11 years (mean ± standard deviation [SD], 4.17 ± 3.67 years) ( Table I) . No donors were between the ages of 4 months and 2 years or between 7 years and 9 years. The most common cause of death among the donors was sudden, accidental death, and none were reported to have previously experienced symptoms of orthopaedic disease.
Specimens were collected bilaterally from both the lateral and medial condyles in 5 of 26 cadavers, from only the medial femoral condyle either unilaterally (4 cadavers) or bilaterally (9 cadavers), unilaterally from both the lateral and medial condyles in 7 cadavers, and from 1 lateral and both medial condyles in 1 cadaver. This collection provided 59 core biopsy specimens for histological evaluation.
Immediately after harvest, the 59 core biopsy specimens were fixed in 10% neutral buffered formalin for 48 hours. The fixed specimens were decalcified in 10% EDTA (ethylenediaminetetraacetic acid) and split longitudinally, creating 2 half cylinders. Specimens were routinely processed and both halves of each sample were embedded in paraffin. Five-mmthick histological sections were cut from the surface of both halves, yielding 2 sections per specimen, and stained with hematoxylin and eosin. Serial sections from sites containing osteochondrosis latens or manifesta lesions were stained with toluidine blue and safranin O. Each section was examined by a board-certified veterinary pathologist, who was blinded to the clinical information for each specimen, with use of light microscopy to characterize the appearance of the following, if present: cartilage canals ( Fig. 1 [Link to hematoxylin and eosin whole slide image]), chondro-osseous junction, and articular and epiphyseal chondrocytes and matrix (Table I) . Cartilage canals that lacked distinct vascular spaces and that were filled with chondrocytes and cartilage matrix were considered to be chondrifying. Conversely, necrotic cartilage canals either lacked an endothelial lining or were lined with necrotic 
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endothelial cells and had cystic interiors 10 . Failure of endochondral ossification was defined as a focal delay in the progression of the ossification front at the chondro-osseous junction. Cartilage necrosis was defined as the combined presence of shrunken, necrotic chondrocytes (characterized by pyknotic nuclei and cystic expansion of chondrocyte lacunae) and altered staining of the surrounding extracellular matrix (loss of staining in safranin O and toluidine blue-stained sections).
Results
A rticular and epiphyseal cartilage was present in all sections. The percentage of sections that included the chondroosseous junction increased with age, from 0% in the 1 to 4-month range to 100% in the 9 to 11-year range, reflecting the reduction in thickness of epiphyseal cartilage with age (Table I) . Normal cartilage canals containing multiple vessels lined by endothelium were present in the epiphyseal cartilage in specimens obtained from all sections from donors £4 months old, but were only present in 74% of sections from donors between 2 and 4 years old and were not present in any sections from donors >5 years old. Chondrifying cartilage canals, which represent physiological regression of cartilage canals, were identified in sections from donors as young as 1 month old and were present in 40% of the specimens from donors between 1 month and 4 years old. Chondrifying cartilage canals were absent in children >5 years old. Necrotic cartilage canals were observed in sections from donors as young as 4 months old and were present in 42% of sections from donors between 2 and 4 years old, after which age this percentage diminished.
An area of epiphyseal cartilage necrosis (Figs. 2 and 3 ), having features identical to those of osteochondrosis latens in animals, was identified in a medial femoral condyle sample from a 2-year-old male donor (the only site available for study from this individual) and in a lateral femoral condyle sample from a 4-year-old female donor (contralateral limb was unavailable for examination), as well as bilaterally in the medial femoral condyles of another 4-year-old female donor. One of the medial femoral condyles of the latter 4-year-old female donor contained 2 distinct osteochondrosis latens lesions. In 3 of the 4 sites, osteochondrosis latens lesions were located immediately adjacent to a degenerating cartilage canal vessel.
Lesions of cartilage necrosis accompanied by focal failure of endochondral ossification (Fig. 4 [Link to hematoxylin and eosin whole slide image]), termed osteochondrosis manifesta in animals, were identified in specimens from a 4-year-old male donor, a 9-year-old male donor, and in the same specimens that were obtained from the two 4-year-old female donors that also included the osteochondrosis latens lesions described above (i.e., osteochondrosis latens and manifesta lesions were concurrently present in 1 of the femoral condyles of both of these 4-year-old female subjects). Specifically, 1 of the 4-year-old female donors had 3 separate osteochondrosis manifesta lesions: 1 in the medial femoral condyle and 2 in the lateral femoral condyle; the contralateral femur was not examined. Two of these lesions were incorporated into the subchondral bone, consistent with healing ( Fig. 5 [Link to hematoxylin and eosin whole slide image]). The other 4-year-old female donor and the 4-year-old male donor both had a single, unilateral osteochondrosis manifesta lesion involving 1 medial femoral condyle. Finally, 4 osteochondrosis manifesta lesions were observed in a 9-year-old male donor, 2 in each condyle; the contralateral femur was not examined. One of these 4 lesions was incorporated into the subchondral bone, consistent with healing.
Discussion
W ell-demarcated areas of necrotic epiphyseal cartilage were identified in distal femoral specimens from skeletally immature human cadavers and were closely similar in appearance and location to osteochondrosis latens and manifesta lesions seen in pigs and horses 11, 12, 17, 18 . To our knowledge, the existence of these areas of epiphyseal cartilage necrosis, often characterized in the present study by cystic expansion of chondrocyte lacunae and pallor of surrounding extracellular matrix in sections stained with safranin O and toluidine blue, has not been previously reported in humans. These findings suggest that the etiology of JOCD in humans and osteochondrosis dissecans in pigs and horses may be similar and that precursor lesions to JOCD may be present 5 to 10 years before the onset of symptomatic disease in human subjects. 
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T 19, 2018 In 6 of the 59 biopsy specimens, 1 or more areas of necrotic cartilage were present, either incorporated into the subchondral bone or associated with focal failure of endochondral ossification, which is known in animals as osteochondrosis manifesta. Identical osteochondrosis manifesta lesions in animals are considered to be virtually pathognomonic of preclinical osteochondrosis dissecans. We believe that the observation of these areas of focal failure of endochondral ossification seen in the human cadaveric specimens supports the hypothesis that early changes involving the epiphyseal growth cartilage during the pathogenesis of JOCD eventually lead to a disturbance in endochondral ossification. Indeed, alterations to endochondral ossification have been reported in skeletally immature human subjects undergoing MRI for JOCD [19] [20] [21] [22] and were considered either JOCD or "ossification variants." Ossification variants were described as lacking bone edema, being restricted to the posterior aspect of the femoral condyle, being free of an intercondylar extension, and being present in sites in which >30% of the epiphyseal growth cartilage remained 19 . Regrettably, in these studies, it was not determined whether alterations to endochondral ossification were associated with epiphyseal cartilage necrosis because this would have required obtaining osteochondral specimens for histological evaluation from children with asymptomatic joints. With the recent development of MRI techniques that are capable of in vivo imaging of the cartilage canal vasculature 23, 24 and identifying areas of necrotic epiphyseal cartilage 25, 26 , this question can be addressed noninvasively. Histological photograph with hematoxylin and eosin staining showing articular-epiphyseal cartilage complex and subjacent bone from the central aspect (i.e., the notch side) of the medial femoral condyle from a 9-year-old male donor containing an osteochondrosis manifesta lesion (Link to hematoxylin and eosin whole slide image). Left image: A well-demarcated area of necrotic epiphyseal cartilage (within rectangle) has resulted in a focal failure of endochondral ossification. Right image: High-magnification image of necrotic epiphyseal cartilage, partially surrounded by bone. The small cleft is artifactual. 19, 2018 Several histological studies have evaluated osteocartilaginous specimens harvested from patients during the surgical repair of clinically apparent JOCD 6, [27] [28] [29] [30] . Evaluation of cylindrical osteochondral plugs harvested from these patients in some cases has led to the conclusion that the initial lesion during the pathogenesis of (J)OCD involves the subchondral bone 6, 27 . In other studies, however, Barrie reported that >50% of the loose bodies removed from patients were purely cartilaginous and were composed of hypertrophied cartilage 29, 31 . The histological appearance of these lesions led Barrie to suggest that cartilage hypertrophy was secondary to retardation of the ossification front and that these finding antedated the separation of the loose body 29, 32 . In fact, cartilage hypertrophy is commonly seen in association with osteochondrosis dissecans in animals and occurs as a reaction of adjacent viable cartilage to the area of necrosis 13 . These early findings are corroborated by recent works that describe purely cartilaginous JOCD lesions as having no 28 or infrequent 30 bone necrosis. These latter histological studies and recent MRI findings 14, 22 , along with the results of the present study, provide ample support for the theory that the pathogenesis of JOCD primarily involves the epiphyseal growth cartilage and not the subchondral bone.
The relatively high prevalence of epiphyseal cartilage necrosis in the specimens included in this study compared with the low rate of knee JOCD that has previously been reported (9.5 out of 100,000) can be explained by the high propensity for subclinical osteochondrosis latens and osteochondrosis manifesta lesions to heal as demonstrated in animals 33 . Subclinical osteochondrosis latens lesions are known to be present in nearly 100% of young piglets, but only a small fraction of these lesions develop into clinically apparent disease 12 . The presence of areas of necrotic cartilage surrounded by bone in 3 of the biopsy specimens in the present study indicates that a similar healing process also occurs in humans. This capacity for subclinical osteochondrosis lesions to heal, however, should not result in the dismissal of their role in the pathogenesis of JOCD, as the progression of individual osteochondrosis manifesta lesions to clinically apparent osteochondrosis dissecans has been conclusively demonstrated with use of sequential computed tomography imaging in pigs 34 . The role of various factors predisposing to development of clinically apparent disease, 
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T 19, 2018 including the size and location of the subclinical lesion and the exposure it has to (repetitive) biomechanical trauma, should be investigated.
Another factor that makes associating epiphyseal cartilage necrosis with JOCD difficult is the presence of epiphyseal cartilage necrosis in human specimens obtained from subjects as young as 2 years old, whereas the majority of patients with clinically apparent JOCD are between 12 and 19 years of age 33 . Identification of these presumed precursor lesions of JOCD in the predilection sites of the femoral condyles at a very young age, however, can be explained by the early regression of vascular supply to the epiphyseal cartilage in this site. This regression of vascular supply has been documented by studies utilizing MRI in cadaveric pediatric human knee specimens and has also been well documented in growing pigs 9, 24 . Indeed, a large number of subclinical lesions were observed in 12-week-old pigs 12 , an age that is not dissimilar developmentally to a 2-year-old child, considering the much faster maturation of pigs compared with humans.
The weaknesses of our study include the relatively low number of specimens, the uneven age distribution, and the comparatively small size (6 mm in diameter) of the specimens available for histological evaluation. Unfortunately, access to any human pediatric tissues, including joints, is exceptionally rare. We attempted to address the inability to evaluate the entire distal femoral epiphysis by harvesting biopsy specimens from known predilection sites of JOCD. The small size of the biopsy specimens also interfered with our ability to accurately measure the size of the lesions, because lesions often extended an unknown distance beyond the margins of the biopsy specimens. Regardless, we believe that the size of the majority of lesions were rather small, likely <5 mm in diameter.
Although our study conclusively proves that islands of necrotic epiphyseal cartilage are occasionally present at the central aspect (i.e., the notch side) of the distal femoral condyles harvested from pediatric cadavers, it is not possible to determine whether or not healing, as opposed to progression to JOCD, would have occurred in these cases. Ongoing, longitudinal studies that utilize novel MRI sequences capable of identifying islands of ischemic cartilage necrosis in vivo, and that are able to monitor the progress of these lesions toward either healing or JOCD, will provide conclusive proof whether these islands of necrotic cartilage are truly precursors to JOCD in humans. If future studies are successful in the ways described above, it would be logical to use the terms osteochondrosis latens and osteochondrosis manifesta when referring to preclinical/occult lesions of JOCD of the knee. Extending the findings of the present study to other known predilection sites of JOCD, such as the medial and lateral talar ridges or the capitellum of the humerus, will require histological evaluation of cadaveric specimens obtained from these regions.
In summary, areas of epiphyseal cartilage necrosis with or without failure of endochondral ossification were present in multiple biopsy specimens obtained from the femoral predilection sites of JOCD in pediatric human cadavers. These changes are histologically identical to subclinical osteochondrosis latens and osteochondrosis manifesta lesions that are described in animals, which are known to be precursors of osteochondrosis dissecans. Awareness of the existence of these purported precursor lesions of JOCD in human subjects, 5 to 10 years prior to the onset of clinical symptoms, will provide an opportunity to develop novel diagnostic and treatment methods that will impact the clinical management of this condition in humans. n NOTE: The human cadavers were donated by AlloSource; the authors thank Lisa Houck, Todd Huft, Peter Stevens, and Tom Cycota for their help acquiring these cadavers. The authors thank the families, who have made the gift of cadavers to allow the completion of this research. The authors also thank Lindsey Harper, Paula Overn, and William Fedje-Johnston for their help with specimen processing.
